I. This study examines whether the efficacy of polysynaptic group I excitatory pathways to extensor motoneurons are modified after axotomy of a synergistic nerve. Previously, it has been shown that stimulation of extensor nerves at group I strength can extend the stance phase and delay swing. Stimulation of the lateral gastrocnemius and soleus (LG/S ) nerve prolongs stance for the duration of the stimulus train, whereas stimulation of the medial gastrocnemius (MC) nerve moderately increases stance. Our hypothesis was that after axotomy of the LG /S nerve the efficacy of the MG group I input would increase.
INTRODUCTION
Plasticity of reflex pathways can occur in response to muscle inactivity, axotomy of peripheral nerves, conduction block of afferent activity, and operant conditioning (Mendell 1984; Wolpaw and Carp 1993) . Eccles and colleagues were among the first to show that cutting a peripheral nerve results in diminution of the monosynaptic reflex from group Ia afferents to extensor motoneurons (Eccles et al. 1959; cf. Eccles and McIntyre 1953) . This decrease occurs after 2 wk of the cut and reaches 50% of control values within 3 wk. On the other hand, a study by Gallego et al. ( 1979) and recently confirmed by Webb and Cope ( 1992) has shown that the amplitude of the group Ia excitatory postsynaptic potentials (EPSPs) is increased over a period of 2 wk after the medial gastrocnemius ( MG) nerve is deactivated by tetrodotoxin (TTX). This suggests that axotomy and not disuse is a causal factor in the reduction of synaptic efficacy after nerve section. Some investigators have also shown an increase in the synaptic efficacy of the homonymous group Ia pathway to MG muscles after axotomy of nerves to synergists (cf. Decima and Morales 1983; Eccles et al. 1962 ). However, this result was not confirmed by Walsh et al. ( 1978) ) who failed to report any significant increase in the MC Ia EPSP after axotomy of the lateral gastrocnemius and soleus (LG/S ) nerves. Plasticity can also occur in the monosynaptic group Ia pathway without peripheral nerve lesions. In the monkey, Wolpaw ( 1987) reported that the magnitude of the monosynaptic reflex can be operantly conditioned to either increase or decrease. Because the reflex remains conditioned after spinalization, its locus must lie within the spinal cord, although recent evidence suggests that supraspinal control of the plasticity also occurs ( Wolpaw and Carp 1993) . The general picture to emerge from all these studies is that there are many ways to alter the transmission in the monosynaptic pathway, but it usually takes weeks or even months for this plasticity to develop.
In the present study we have examined plasticity in the reflex pathway regulating the transition from stance to swing in walking decerebrate cats (Whelan et al. 1995) . This pathway has been described only relatively recently, and it consists of an oligosynaptic excitatory pathway from extensor group I afferents to extensor motoneurons that is open only during locomotor activity or under conditions that promote locomotor activity such as the administration of L-dihydroxyphenylalanine (Gossard et al. 1994; McCrea et al. 1995; Pearson and Collins 1993) . This pathway probably includes elements of the rhythm-generating network because stimuli that evoke the oligosynaptic EPSPs also reset and entrain the locomotor rhythm (Conway et al. 1987; Pearson et al. 1992 ).
Previously we reported that in decerebrate walking cats stimulation of the group I afferents in extensor nerves during stance caused an increase in the duration of the extension burst and also delayed the onset of the flexion (Whelan et al. 1995) . Stimulation of the group I afferents in the LG/S nerve had a particularly powerful effect usually prolonging the extensor burst for the duration of the stimulus train. In contrast, stimulation of other extensor nerves did not prolong the extensor burst for the duration of the train. In preliminary experiments on chronic intact cats in which the LG/S nerve had been cut for some days, we noticed that the effectiveness of LG/S nerve stimulation was reduced compared with the effects we had observed in decerebrate cats. This prompted us to ask whether the decrease in efficacy was due to axotomy and if it was, whether there was an associated increase for the nondenervated synergist MG. To answer these questions, we have cut the LG/S nerve of a hind leg in a series of cats and at various times after this operation compared the effects on stance duration of stimulating each of the LG/ S and MG nerves in both hind legs. The contralateral leg acted as a control for judging any changes in reflex efficacy in the leg containing the previously transected LG/S nerve.
METHODS
All animals used in this study were cared for in accordance with the guidelines published by the American Physiological Society, and the experimental procedures were approved by the University of Alberta animal welfare committee. Experiments were carried out in 11 adult cats of both sexes. Under halothane anesthesia and aseptic conditions, the nerve supplying the LG/S was exposed and transected close to the muscle. The proximal nerve was tied with 6.0 silk to allow for subsequent detection. An antibiotic (Amoxicillin, 50 mg) and, if necessary, an analgesic (Buprenorphine; 0.005-0.01 mg/kg) were administered for 1 wk after surgery. Animals were allowed out of their cages on a daily basis after surgery, and the cages were large enough (dimensions: 73 cm wide by 69 cm deep by 84 cm high) to permit the animal to move and to jump onto a ledge. No attempt was made to actively exercise theAm. After a period of 3 -28 days, the acute surgical and experimental procedures were performed on the cats. Only an abridged description of the acute procedure is included here; for a full description please see Whelan et al. ( 1995) . Halothane anesthesia was administered to each animal during acute surgery. In initial experiments, three cats had their chronically cut left LG/S, and acutely cut left plantaris (PL) , right LG/S, and right PL nerves tied into the stimulating cuffs. In seven cats the chronically cut left LG/S nerve and the acutely cut left MG, right LGIS, and right MG nerves were tied into the stimulating cuffs. In one cat only the left and right MG nerves were cuffed. The stimulating cuffs were manufactured from latex and were each -6 mm long with an inside diameter of -3 mm. A silicone recording cuff was placed around each of the sciatic nerves to record the strength of the stimulus. The threshold of the electrical stimulus to the extensor nerves was taken as the minimum voltage necessary to produce a visually detectable sciatic potential. The strength of the stimulus was expressed in multiples of this threshold level. Bipolar stainless steel recording electrodes (Cooner Wire Company, AS632) were sewn into the following muscles of both hind legs to record electromyographic (EMG) activity during walking: MG (in the 3 cats that did not have the MC nerve cut), vastus lateralis (VL), semitendinosus (St), and iliopsaos (IP). The wires from both the stimulating and the EMG electrodes were led subcutaneously to a multipolar connector on the back of the cat. After finishing this procedure the cats were placed over a motorized treadmill and then decerebrated. The halothane anesthesia was discontinued at this time. The cats were supported under the abdomen by a sling to maintain lateral stability and to aid in weight support. In 10 cats spontaneous bouts of walking occurred in response to a moving treadmill. Occasionally manual stimulation of the perineum was used to evoke these bouts of locomotion. Although the triceps surae were denervated, most cats produced a stepping pattern that was kinematically equivalent to that produced by normal decerebrate cats. One cat did not step at all. The speed of the treadmill was set between 0.25 and 0.35 m/s, depending on the animals step pattern. During stance a stimulus train to the appropriate extensor nerve ( 1 J-2 times threshold) was triggered 200 ms after the onset of the extensor EMG (mostly VL; in 3 initial experiments MG). The duration of the stimulus train was 1,000 ms, which was short enough to allow stimulation of a normal LG/S nerve to prolong the extensor burst for the duration of the train yet long enough for stimulation of a normal MG nerve to not prolong stance for the duration of this train. This was important because it allowed for reductions in LG/ S efficacy and increases in MG efficacy to be observed in the experimental limb.
All data were recorded with the use of a Vetter 4000A PCM recorder. Later, selected sequences were stored on computer disk using the Axotape (Axon Instruments) data acquisition system installed on a Microexpress 486 computer. Data analyses were carried out with the use of custom programs that could retrieve data from the axotape files. The cycle periods before, during, and after the stimulus were calculated only during regular sequences of walking. Each cycle period was calculated as the time between the occurrence of successive St or IP bursts. A spreadsheet program (Microsoft Excel 5.0) was used to calculate the mean and standard deviation for these cycle periods, and Student's t-tests were administered to detect significant differences between the conditions. The data were normalized according to the equation below to allow for comparisons between cats and between control and experimental nerves.
where b equals the stimulated cycle period, a represents the control cycle period, and c represents the time from the first flexor burst before the stimulated extensor burst to the offset of the stimulus train (see Fig. 1 B for an illustration of what the variables measured). The percentage effectiveness is a measure of how powerfully the stimulus could affect the step cycle. For example, if the stimulus was 100% effective, the next flexor burst would be held off until the end of the stimulus train. By contrast, if the percentage effectiveness was O%, the stimulus would have no effect on the cycle period.
In three cats the MG nerve was left intact, and this presented us with the opportunity to test whether the cut LG/S afferents were still conducting normally to the spinal cord. Heteronymous H reflexes in the MG muscle were elicited by stimulating the cut LG/S nerve at group I strengths (0.2 ms duration, single pulses).
In two additional cats, we examined whether axotomy of the LG/ S nerve caused alteration in conduction properties to the group I extensor afferents by recording intracellularly from LG/S motoneurons 7 and 17 days after axotomy. The cells were identified by antidromically activating them by stimulation of the LG/S nerve. After a cell was identified, threshold was established for LG/S nerve stimulation as described above. The stimulus was increased gradually to 1.5 times threshold, and the resultant average postsynaptic potential (PSP) was recorded with the use of custom software. For a full description of the methods used in the intracellular experiments, see McCrea et al. ( 1995) .
RESULTS
The objective of the experimental procedure was to compare the effectiveness of stimulating either the LG/S or MG nerve in the experimental leg (LG/S nerve cut from 3 to 28 days earlier) with the effectiveness of stimulating the same nerve (with the same stimulus parameters) in the control leg. Plasticity was judged to occur if there was a significant difference between the experimental and control legs in the same animal. In 7 of 10 cats, we compared the effects of stimulating the MG nerves, and, in 9 of 10 cats, we compared the effects of stimulating the LG/S nerves (both measurements were made in 6 cats). All but one of the experimental cats walked spontaneously after decerebration.
Eflcacy of MG nerve stimulation was increased compared with the control hindlimb Stimulation of the group I afferents in the MG nerve of the control leg resulted in a modest increase in the extensor burst duration and a corresponding delay in time of the onset of the next flexor burst as shown in Fig. IA . The shaded bars in Fig. 1C summarizes the results from stimulation of the control MC in all the cats studied. Stimulation of control MG was usually only 20-30% effective in delaying the flexor burst and extending stance. In only one of seven cats was the control MG response greater than 50%. By contrast, stimulation of the group I afferents from the MG nerve in the experimental leg usually had a strong effect as shown in Fig. 1 B. The data summarized in Fig. 1C show that, in four of seven cats, the stimulus train to the experimental G. In five of seven cats, there was apparent. In the experimental leg, stimulation of the MG proa significant increase in the efficacy of the experimental MG longed stance by producing a generalized extension of the nerve after stimulation at group I strengths compared with entire leg. In comparison, the control MG generally had a stimulation of the control MG at similar strengths.
small effect on the kinematics of the step cycle (not shown). Figure 1C also shows that there was no tendency for the efficacy to increase progressively over the period from 5 to 28 days after LG/S axotomy. Despite the considerable variability from cat to cat, it was clear that substantial increases could occur within 1 wk. In two cats that had their LG/S nerves axotomized for 5 and 7 days, respectively, a large asymmetry was observed between the control and experimental MG.
Eficacy of the axotomized LG/S nerve was reduced compared with the control hindlimb As reported in Whelan et al. ( 1995 ) , stimulation of group I afferents in the LG/S nerve of the control leg resulted in a large increase in the stance phase duration with the stimulus usually prolonging the extensor burst for the duration of the Asterisk indicates that there is a significant difference between the 2 conditions (P < 0.05). Numbers within each bar illustrate the number of trials that were used to calculate the average. The number on the abscissa below each bar indicates the duration of axotomy. Days After Axotomy stimulus train as shown in Fig. 2A . Note that in this example of the extensor burst (Fig. 2, B and C) . In seven of nine the onset of the ipsilateral flexor activity occurred after the cats, there was a significant reduction (P < 0.05) in the stimulus offset. The contralateral rhythm was generally unaf-efficacy of the axotomized LGIS nerve after stimulation at fected by the stimulus except in cases when the stimulus group I strengths compared with stimulation of the control offset occurred immediately before the onset of contralateral LG/S nerve at similar stimulus strengths, whereas in five of flexor activity in which case the contralateral flexor burst nine cats there was a >40% difference in the percentage would be delayed until after the ipsilateral flexor burst had effectiveness of the LGIS nerve stimulation between the been completed (data not shown). Data from all the experi-experimental and control hindlimb. Only two animals (&y ments are summarized in Fig. 2C . Stimulation of the control 5 and 1 day 28) showed no evidence of asymmetry. Similar LG/S nerve effectively prolonged stance in eight of nine to the results for MG, the reduction in the efficacy of the cats. In only one cat was the stimulus to the control LG/S LG/S nerve took place rapidly. Within 3 days of axotomy, nerve <80% effective in holding off the flexor burst. In clear differences could be observed between stimulation of contrast, stimulation of the group I afferents in the previously the control and experimental LG/S nerves, although no overcut LG/S nerve had a relatively modest effect on the duration all trends with time could be observed (Fig. 2C) . Error bars represent the standard deviation. Asterisk indicates that there is a significant difference between the 2 conditions (P < 0.05 ) . Numbers within each bar illustrate the number of trials that were used to calculate the average. Numbers on the abscissa under each bar indicate the duration of the axotomy.
LG/S, lateral gastrocnemius and soleus. G. W. HIEBERT, AND K. G. PEARSON One possible reason for the reduction in LG/S efficacy was that axotomy of the LG/S nerve could have caused a A reduction in the diameter of the large group I afferents. Electrical stimulation preferentially recruits WUP I afferents at low stimulus strengths because of their large axonal diameter. If the diameters of group I afferents were reduced relative to the a-motoneurons, a normal sciatic nerve potential could be produced even though fewer group I afferents would be activated. Two sets of data indicate that this did not occur. In two cats we were able to elicit heteronymous H reflexes in the MG muscle by stimulation of the previouslv cut LG/S nerve. The H reflex is the electrical equivalent o> the tendon tap reflex and is used to infer the transmission of monosynaptic group Ia a fferents to the cu-motoneu rons. The first sign of an H reflex occurred a t low strengths (12 .
MG EMG Sciatic ENG B times threshold) and reached a maximum amplitude at 1.8 times threshold, indicating Ia transmission at low stimulus strengths. Figure 3A shows the averaged response in the H reflex in MG EMG evoked after stimulation of the cut LGI S nerve at 1.6 times threshold. Second, in two other cats we recorded homonymous
PSPs from LG/S motoneurons in 1.1 XT ~~ response to LG/S stimulation after the nerve had been axotomized for 7 and 14 days. In both cases the group I profile of the synaptic potentials was normal (Fig. 3B) . The monosynaptic EPSP was evoked at the lowest threshold, and stimulation at levels greater than 1.3 times threshold caused a steeper repolarization of the EPSP as a result of disynaptic inhibition from Ib afferents (Eccles et al. 1957 ). The data indicated that both the group Ia and Ib afferents were conducting normally up to 17 days after axotomy of the LG/S nerve. This is well after the time that the efficacy of LG/S group I afferents was reduced (Fig. 2C ). is opened from group I extensor afferents during locomotion in cats that causes a facilitation of the ongoing extensor bursts (Guertin et al. 1995; Pearson and Collins 1993) and can also prolong the extensor burst (Guertin et al. 1995 ) and delay the onset of flexion (Whelan et al. 1995) . We reported in decerebrate walking cats (Whelan et al. 1995 ) that stimulation of the group I afferents in the could powerfully prolong the extensor burst, wh
LGIS nerve n conereas I trast stimulation of other extensor nerves had relatively modest effects. The main result of this study is that the efficacy of the locomotor-dependent group I excitatory pathway regulating the stance to steppi ng cat can be swing transition in the hind leg of a by cutting the LG/S nerve. We threshold. Bottom trace indicates the cord dorsum potential. altered observed two main effects after axotomy of the LG/S nerve: plasticity of the ocomotor-dependent group I excitatory path-I) stimulation of the group I afferents in the MG nerve of way regulating tance shares some similarit ies with plasticity the experimental leg was generally more effecti ve in prolonging the extensor burst compared with controls ( Fig. 1) and 2) stimulation of the previously cut LG/S nerve at group I strengths was generally less effect live in prolonging the extensor burst compared with control s (Fig. 2) . The reduction in LG/S efficacy is probably due to central changes and not due to peripheral factors such as a decrease in the diameter of the group I afferents (Fig. 3 ) . of the group Ia monosynaptic pathway. After axotomy of the LG/S nerve, its group Ia monosynaptic efficacy decreases (Eccles and McIntyre 1953; Eccles et al. 1959) , and the efficacy of the remaining synergists increase (Eccles et al. 1962 ) over a period of weeks to months (Decima and Morales 1983) . Gallego et al. ( 1979) confirmed the results of Eccles et al. ( 1959) and emphasized that no decreases of homonymous EPSPs occurred in the 1st wk after nerve section. One important difference, however, is that the adaptation of the locoPrevious research on plasticity in reflex systems of the spinal cord has focused on the group Ia monosynaptic path-motor-dependent group I excitatory pathway regulating stance way because of its relative simplicity. Our results show that appears to be relatively rapid. Increases in MG and decreases in LG/S group I efficacy after LG/S nerve section can take place within days and are clearly present by the end of the 1st wk. One question for future study would be to investigate whether the plasticity in the locomotor-dependent group I excitatory pathway could occur faster than 3 days? Our primary question in this study was to illustrate that plasticity was possible in the excitatory pathway, and thus we were not concentrating on establishing a minimum time for the plasticity to occur. To establish an exact time course would be quite difficult given the variability in the amount of plasticity from cat to cat (Figs. 1C and 2C) .
Another question is whether the plasticity reported in this study is functionally significant? In answering this question, it is important to realize that this pathway we have examined may also have a role in regulating the magnitude of extensor activity during stance (Guertin et al. 1995; Pearson and Collins 1993) . Also it receives convergent input from group Ia as well as group Ib afferents (Guertin et al. 1995) . There is evidence from cats as well as humans that feedback from group Ia afferents contribute to the generation of extensor activity during stance (Severin 1970; Yang et al. 1991) . Thus it would seem to be important to be able to calibrate the gain of any reflexes involved in regulating motor activity during various locomotor tasks. An attractive possibility, therefore, is that the plasticity we have observed is related to this need to calibrate the gain of reflexes that support the generation of extensor activity. This function would be analogous to the role of plasticity in the vestibular ocular reflex (VOR) for calibrating gain (Lisberger 1988) . Interestingly, the gain change in the VOR is also rapid and can recalibrate within a few days (Miles et al. 1985 ) .
In light of the relatively rapid onset of plastic effects in the group I afferents of the MG nerve, it is interesting that after chronic axotomy of the LG/S nerve most cats exhibited few behavioral changes in their gait pattern. The only visually apparent deficit after axotomy of the LG/S nerve was an increase in the yield of the ankle joint during the E2 phase of locomotion during the first few days (unpublished observations).
If feedback from group I afferents does reinforce ongoing extensor activity during stance, then it is possible that a rapid recalibration of the MG group I afferent strength could partly mediate this swift recovery of function. Supporting this idea is a result from Gordon et al. ( 1980) ) who reported that the amplitude of the MG EMG increases over time after ligation of the LG/S nerve for several months. In addition, Wetzel et al. ( 1973) reported that cats that had their soleus and PL nerves cut quickly recovered full locomotor ability with no deficits in gait (cf. Webb and Cope 1992). In the future it will be important to establish whether plasticity in spinal reflex pathways has a role to play in functional recovery after peripheral or central lesions of the nervous system. This study reports that plasticity is possible in the excitatory group I pathway that has access to the pattern generator for locomotion. In the future many questions need to be answered regarding the mechanisms and locus of the plasticity. The most obvious is whether the site of plasticity resides within the spinal cord. It will be of some interest therefore to repeat this study using acute and chronic spinal locomoting cats.
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